One of the most common methods for joining materials in manufacturing is the process of brazing. Brazing is widely used in many areas such as space engineering, marine engineering and electrical engineering, just to name a few. Brazing is a commonly used engineering solution due to its versatility and low cost. Brazing is used in making Poly-Crystalline Diamond (PCD) tools. While these tools are highly durable and have a long operating life the brazing can negatively affect these qualities with variations in strength especially with tools that are small.
Introduction
Brazing is one of the most common methods for joining materials in manufacturing. It is widely used in many areas such as space engineering, marine engineering and electrical engineering. It is often the engineering solution of choice in manufacturing with many advantages. One of its appeals is the uniformity of the process in which the connection of materials is completed simultaneously creating a consistently strong bond without the problems of temperature difference which welding has. It is therefore a good method in bonding materials of varying thicknesses as well as being able to bond a wide variety of materials at a reasonable cost. Figure 1 shows an application of brazing on a polycrystalline diamond (PCD) tool. A blank is made by sintering PCD on cemented carbide in high pressure and at high temperature. A cutting blank is cut out from the blank and then brazed onto a parent material. The PCD tool has high wear and heat resistance. Figure 2 shows an example of a PCD punch. In manufacturing there is a demand for increasingly smaller and smaller punches however with smaller tools the inconsistency of brazing strength has become a problem (1) .
This inconsistency in the brazing strength can result defective manufacturing tools. In this paper the factors affecting the inconsistency of brazing strength of a small area have been investigated, firstly using the four point bending test in which we used flame brazing, induction brazing and furnace brazing to determine the best method. And secondly the cantilever beam bending test was used to determine the optimal joint thickness.
Four Point Bending Test
Strength data was obtained experimentally using the four point bending test on three brazing methods; flame brazing, induction brazing and furnace brazing. The furnace brazing was conducted in a vacuum. Figure 3 shows one of the four point bending specimens. The cross section of the specimen is square and its side length is 4 mm. The parent material was cemented carbide (G4) and the brazing filler metal was Incusil ABA of Morgan Advanced Ceramics, Inc. The chemical components of the brazing filler metal were 59.0% Ag, 27.25% Cu, 12.50% In and 1.25% Ti. The mechanical properties of the parent material and the brazing filler metal are shown in Table 1 . The surfaces of the brazing were grinded down by a grinding disk with # 600 to #800 grain size prior to brazing.
Specimen
The brazing specifications of three brazing methods are shown in Table 2 . The heating time required for the flame and induction brazing was determined based on the workers' observations and the heating was finished when the brazing filler metal melted completely. Flux was used in the flame and induction brazing to prevent oxidization of the surfaces.
Experimental Method
The best method for investigating the strengths of the brazing joints is the tensile test. However, it is very difficult to make tensile test specimens. So the four point bending test was used. The distance between the lower fulcrums was 30 mm and 10 mm for the upper fulcrums as shown in Fig.  3 . The loading speed was five millimeters per minute. 
Experimental Results
The bending strengths of the specimens made by the three methods are shown in Table 3 and Fig. 4 . Table 3 shows the averages and the standard deviations. Figure 4 shows the strength plotted on a normal probability paper. There were 10 specimens for each method.
The results show that while there are inconstancies in the strengths there are no such inconsistences between the three methods. In other words, the type of method used isn't significant. Table 1 . The mechanical properties of the parent material and the brazing filler metal. Table 2 . Brazing specifications. 
Observing Fracture Surfaces
To investigate the reason why the strengths vary widely the fracture surfaces were observed as shown in Figs. 5 to 7. The upper portion of the pictures corresponds to the upper fulcrums and the lower portion corresponds to the lower fulcrums which means that the upper area has been compressed while the lower area has effected by tension. The right and the left pictures show the joint specimens butterflied open. Figure 5 shows the fracture surfaces with the maximum strength (a) and the lowest strength (b) from the flame brazing specimens. The fracture surface from the maximum strength (Fig. 5 (a) ) shows thick layer and a fine pattern while the surface from the lowest strength specimen has brazing residue that has peeled off. Figure 6 shows the fracture surfaces from the maximum and lowest strength using induction brazing. The residue of brazing material appears thicker than that of the lowest strength specimen. Figure 7 shows the fracture surfaces from the maximum and lowest strength using furnace brazing. There appears to be no clear difference between these specimens.
From these results it can be concluded that there is a probability that the strength of the brazing joints becomes weaker with less the joint thickness. It has been commonly assumed that the smaller the gap and therefore the smaller the joint thickness used the higher the strength (2) , (3) .
Therefore the relationship between the thickness of the brazing layer and its strength was further investigated by using cantilever bending tests. The reason for using cantilever testing was because the thickness of the brazing layer would easily be controlled. 
Cantilever Beam Bending Test
By testing cantilever beam specimens, the relationship between the brazing layer thickness and the brazing joint strength was examined. Furnace brazing was the only brazing method used because the brazing thickness using this method could be controlled. Figure 8 shows a cantilever beam specimen. The parent material and the brazing material were the same as the four point mending specimens as well as the dimensions of the cross section of the beam.
Specimen
During the testing, the cantilever specimens were placed vertically in a furnace as shown in Fig. 9 . The thickness of the brazing layer was controlled by the amount of weight put on the beam. When weight was placed on the beam the pressure between the joint surfaces was 50 kPa while it was 3.6 kPa without any weight. 
Experimental Method
The bending test of the cantilever beam specimen was carried out. The distance between the loading point and the brazing joint was 20 mm as shown in Fig. 8 . The loading speed was 5mm per minute.
Experimental Results
The thickness of the brazing was measured by a 3D microscope. A sample image is shown in Fig. 10 . The color indicates the height of the fracture surface. The colors represent the thickness of the brazing layer.
The bending strengths of the cantilever beam bending specimens made by furnace brazing are shown in Fig. 11 . The closed circles are 3.6 kPa while the open circles are 50 kPa. Figure 11 shows that the strength becomes weaker with less the joint thickness. Furthermore, the strength may weaker when the thickness is too thick. Which, it seems that there is an optimal thickness for the strength and that is around 25 m. Generally, it is said that the strength of brazing joint increases as the thickness becomes thinner 
Discussion
The optimal thickness of brazing layer was evaluated by the Finite Element Analysis. The analysis was conducted in two dimensions and the mesh pattern is shown in Fig. 12 . The stress distribution of the upper part of the cross section can be assumed to be uniform because the joint thickness is quite thin in companion with the specimen. Reliable results can be obtained by the two dimensional analysis with the Weight same reasoning. The material properties of the Finite Element Analysis were the same values as the experiments as shown in Table 1 . Figure 13 shows the strain of the finite element of the maximum stress in the elements of the brazing filler metal. Figure 13 shows that the strain of the element becomes lowest when the joint thickness is around 20 m. So the strength of the brazing joint becomes the maximum when the joint thickness is around 20 m. This result coincides approximately with the experimental result. The value of 20 m varies depending on the material properties of the brazing filler metal and the parent material.
In conclusion the maximum strength of brazing joint of cemented carbide and silver brazing filler metal can be obtained by keeping the thickness of the brazing joint of around 20 to 25 m. The large difference in the elastic properties of the brazing filler metal and the parent material produces the maximum thickness of brazing layer to achieve maximum strength. 
Conclusions
In this paper the factors that affect the brazing joint strength of a small area for cemented carbide and silver brazing filler metal was examined. According to the results our conclusions are as follows; (1) There is no significant difference in terms of strength between the brazing methods; flame brazing, induction brazing and furnace brazing. The inconsistencies in strengths were the same regardless of the method used. (2) The optimal thickness of brazing layer is around 20 to 25 m to achieve maximum strength. 
